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a b s t r a c t
A curvelet is a new and effective spectral transform, that allows sparse representations
of complex data. It has many applications in several fields, including denoising, wave
propagation in disordered media and pattern recognition. This spectral technique is based
on directional basis functions that represent objects having discontinuities along smooth
curves. In this work we apply this technique to the removal of Ground Roll, which is
an undesired feature signal present in seismic data obtained by sounding the geological
structures of the Earth. In this methodology the original seismic data is decomposed by
curvelet transform in scales and angular domains. For each scale the curvelet denoising
technique allows a very efficient separation of theGroundRoll in angle sections. The precise
identification of the Ground Roll pattern allows an effective erasing of its coefficients. In
contrast to conventional denoising techniques we do not use any artificial attenuation
factor to decrease the amplitude of the Ground Roll coefficients. We have estimated that,
depending on the scale, around 75% of the energy of the strong undesired signal is removed.
© 2011 Elsevier B.V.
1. Introduction
The curvelet transform is a new multiscale transform with strong directional character that provides an optimal
representation of objects that have discontinuities along edges [1–3]. The curvelets are localized not only in the spatial
domain (location) and the frequency domain (scale), but also in angular orientation, which is a step ahead compared to
Wavelet Transform [4]. They are multiscale andmulti-directional techniques and this new important directional parameter
provides a surprising angular geometric property with a high degree of orientation which identifies the directional
singularities [3].
The Ground Roll is a coherent noise present in land-based seismic data. The Ground Roll is the signature of a surface
wave (Rayleigh dispersive wave) with low frequency, low phase and group velocities [5]. As a surface wave component,
these waves do not contain information from the deeper subsurface structures associated with oil reservoirs. An important
characteristic of the Ground Roll is that its intensity can be stronger than the waves carrying the relevant information that
come from reflections in geologic strata. Moreover, in the seismic image the Ground Roll is mixed and masks the relevant
geologic information, imposing the necessity to remove this undesirable component.
An example of seismic data strongly contaminated by Ground Roll noise is shown in Fig. 1(a). This seismic data was
obtained from the Center for Wave Phenomena of the Colorado School of Mines [6] and corresponds to the record number 25.
This figure shows a seismic section of a land-based data with 90 traces (one for each geophone) and 2048 samples per trace.
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Fig. 1. A seismic data with 90 traces and 2048 samples per trace. The original data is shown in (a), the Ground Roll pattern is overlapped to the relevant
geologic data. In (b) we show the seismic reflectors, the true geologic information of the strata. In (c) we depict the extracted part of the signal, the Ground
Roll showing a typical fan-like structure with oblique straight lines.
The horizontal axis in Fig. 1 corresponds to the offset distance between source and receiver, the vertical axis represents the
time of the traveling sonic wave (in ms) which is an indirect measure of the depth.
Ground roll filtering in seismic images has a long history in the oil industry. At the beginning the filtering was performed
by attenuating low frequencies in the Fourier domain [5]. The utilization of wavelet transform has improved the technique
by optimizing the regionwhere the attenuation is performed [7], or by choosing the best basis to decompose the seismic data
[8,9]. Even more sophisticated methods to disentangle Ground Roll from geologic information by splitting the seismogram
into pieces and applying subsequent decomposition were investigated [10,11]. A very clever idea of determining an optimal
attenuation factor using a hybrid combination ofwavelet transformandPrincipal Component Analysiswas presented in [12].
All thesemethods have two points in common: first, the decomposition of the traces of the signal using a uni-dimensional
spectral technique: Fourier orWavelet Transform. Second, the use of an attenuation factor to remove part of the undesirable
frequencies (or scales and tones) in the transformed space. In these cases, the attenuation is always done in a blind way.
When an attenuation factor is fixed there is no guarantee that all the information is preserved or that part of the signal was
not removed in the denoising operation. The attenuation is based on the rough assumption: if the noise is concentrated
in a given range of frequencies (or scales) we should decrease the amplitude of the coefficients corresponding to these
frequencies (or scales). Indeed, the attenuation is performed without a complete knowledge of the data.
The directional characteristic of the curvelet transform allows an optimal identification and further removing of the
Ground Roll of the seismic image. Using this curvelet feature we present here a surgical removal denoising technique, in
contrast to a partial attenuation. That means, instead of attenuating frequencies (or scales) where the Ground Roll is mainly
present, we erase the directional coefficients inside these scales.
The paper is organized as follows. In Section 2, we briefly introduce the basics of curvelet transform theory. In Section 3,
we present in some detail our filtering methodology for Ground Roll removing using curvelet transform. In Section 4 we
apply the denoising technique to a seismic data contaminated by Ground Roll noise and discuss the energy balance between
noise and signal across the scales. Finally, in Section 5, we show the main results and discuss the article in a broad context.
2. Mathematical background
In this section, we briefly introduce the mathematical background used in our filtering methodology: the curvelet
transform. This section is also important for fixing the mathematical notation that we shall use throughout the paper.
The Curvelet transform is a recent multiscale analysis developed by Candès and Donoho [1]. A curvelet at scale j is an
oriented object whose support is the rectangle of width 2−j and length 2−j/2 that obeys the parabolic scaling relation width
≈ length2 [13]. The curvelets are described by a triple index j (scale), l (orientation) and k = (k1, k2) (spatial location). The
basic curvelet elements are obtained by parabolic dilatation, rotations and translations of a specific function φj,l,k [1].
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The curvelet mother function φj ∈ L2(R2) is defined in the Fourier domain by:
φˆj(r, ω) = 2−3j/4W (2−jr)V

2⌊j/2⌋ω
2π

, (1)
where we use the polar coordinates (r, ω) in the Fourier domain, and ⌊j/2⌋ is the integer part of j/2.W and V are the ‘‘radial
window’’ and the ‘‘angular window’’, respectively. These two functions are smooth, non-negative and real-value, with W
taking positive real arguments.W and V restricts the support φˆj to a polar wedge that is symmetric respect to zero.
The family of curvelets φj,l,k is defined in the Fourier domain at scale 2−j, orientation θl and position bj,lk as:
φˆj,l,k = φˆj(Rθlξ)ei⟨b
j,l
k ,ξ⟩,
where bj,lk = R−1θl (2−jk1, 2−j/2k2), ξ = (ξ1, ξ2) ∈ R2 are the Cartesian coordinates in the Fourier domain and Rθl is the
rotation matrix by θl radians:
Rθl =

cos θl sin θl
− sin θl cos θl

.
The curvelet transform of a function f ∈ L2(R2) is given by the convolution integral:
cj,l,k = ⟨f , φj,l,k⟩ =
∫
R2
f (x)φj,l,k(x)dx. (2)
In this equation the coefficients cj,l,k are interpreted as the decomposition of f into a basis of curvelet functions φj,l,k [14].
3. The filter methodology
In this section, we describe in some detail the filtering methodology. This technique consists of three main steps: (1) de-
composition of the signal in the curvelet space, (2) detection and removing of the Ground Roll coefficients in angular sectors
in the curvelet space, and (3) reconstruction of the signal after noise extraction. In the following, we describe this process:
1. Curvelet Analysis.
We decompose the seismic data in curvelet space. This procedure is accomplished applying the fast discrete curvelet
transform, as described in [13]. This process consists, roughly speaking, of obtaining inner products in the Fourier domain.
Based on Plancherel’s Theorem we have:
cj,l,k = ⟨f , φj,l,k⟩ = ⟨fˆ , φˆj,l,k⟩, (3)
where fˆ and φˆ are the Fourier Transform for f and φ.
2. Identification and removal of the Ground Roll.
At this step, we detect and erase the curvelet coefficients of the angular sections that correspond to the Ground Roll.
Using a mathematical language, we split the curvelet decomposition of the signal f in two parts:
f =
−
j
−
l∈GR
−
k
⟨f , φj,l,k⟩φj,l,k +
−
j
−
l∉GR
−
k
⟨f , φj,l,k⟩φj,l,k. (4)
We emphasize in this equation that the selection of the Ground Roll GR coefficients is done only by the l index, that
means, the angular coefficients. The Ground Roll in the seismic image is formed by almost vertical lines. Therefore, the
Ground Roll in the curvelet domain is represented by directional components near the horizontal direction. A more
general application of the method could erase coefficients by visual inspection.
3. Reconstruction of the signal.
After erasing the Ground Roll coefficients from the second term of Eq. (4) we have the cleaned signal. We note that this
process is performed without any artificial attenuation. The angular coefficients corresponding to the Ground Roll are
completely removed from the seismic image.
4. Numerical results
In this section we show the selective extraction of the Ground Roll pattern using curvelets. The methodology introduced
in the previous section is illustrated with help of the seismogram of Fig. 1. We visualize the denoising technique in Fig. 2
where we show the average angular coefficients (top) and the reconstructed image using the select angles (bottom). The
objective of this figure is to show the Ground Roll pattern at several scales and given angular coefficients. Indeed, in Fig. 2
the Ground Roll is shown at four scales but with the same angular orientation. Figures (a) to (d) show scales j = 2 to j = 5
respectively. The coefficients corresponding to Ground Roll are indicated by full circles while the signal coefficients (that
carry the relevant geologic information) are depicted by open circles in the angular diagram. The denoising process consists
of erasing this set of Ground Roll coefficients.
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Table 1
Balance of energy (in percent) for the scales 2 ≤ j ≤ 5.We separate the energy
between two groups: the Ground Roll GR and the Reflected Waves RW.
Scale 2 3 4 5
RW 7.9 17.6 68.1 76.3
GS 92.1 82.4 31.9 23.7
Table 2
Energy distribution (in percent) for the scales 1 ≤ j ≤ 5. Here we also follow the same pattern distinction:
Ground RollGR andGeological SignalGS. In the last column is depicted the total energy of these two patterns.
Scale 1 2 3 4 5 Total
GR 1.9 1.1 2.4 12.3 40.5 58.1
GS 0 12.4 11.1 5.7 12.6 41.9
Total 1.9 13.5 13.5 18.0 53.1 100
The number of angular sectors is not the same for all scales, indeed, it grows with the scale. In this way we havemaximal
lmax = 16 for scale j = 2; lmax = 32 for j = 3, 4; and lmax = 64 for scales j = 5, 6. However, we see in the upper set of
Fig. 2 that in this case theGroundRoll is present in angular sectors around the horizontal direction.Moreover, the coefficients
corresponding to this horizontal wedge are very large compared to the rest of the curvelet coefficients. In the next paragraph
we detail the energy balance among Ground Roll and the coefficients corresponding to the relevant information (carried by
reflected waves). Indeed, the Ground Roll has a macroscopic triangular pattern in the seismic image. However, when we
look at a finer scale, the Ground Roll appears in this case almost as vertical lines. The directional character of the curvelet
transform allows a sharp erasing of these almost vertical sectors. We remark that the angular sector of the Ground Roll can
change depending on the distance between geophones, and the sampling time in the vertical axis.
It is interesting in this system to consider the signal to noise ratio to compare the Ground Roll amplitudes with the
relevant signal carried by the reflected waves that are scattered in the interfaces between geological layers. To perform this
analysis we use the energy of the signal as the sum of the square of its curvelet coefficients. The expression for the energy
is then given by:
Ej =
−
l,k
|⟨f , φj,l,k⟩|2, (5)
for Ej the total energy at scale j. To compute the energy of the Ground Roll we sum over the angular coefficients l corre-
sponding to this pattern.
We show in Table 1 for each scale the distribution of energy between the two main patterns of the seismic image: the
Ground Roll (GR) and the ReflectedWaves (RW). The geological information ismostly at scales j = 2 and 3while the Ground
Roll dominates the signal for j = 4 and 5. We have not plotted in Table 1 the scale j = 1 because the Ground Roll dominates
the information at this scale.
In Table 2 we plot the energy distribution (in percent) for the five scales. In this table we show the energy for the two
patterns: Ground Roll (GR) and ReflectedWaves (RW), and among the scales 1 ≤ j ≤ 5. In the last line of the table we show
the percentage of energy at each scale. In the last column of the table we display the total energy of the two patterns, the
Ground Roll amounts to almost 60% of the total energy of the seismic image. The energy distribution is quite impressive
when we think that 60% of the energy of the original signal should be removed in order to reveal the true geologic content
of the image. In addition, around half of the total energy is concentrated at scale j = 5 that is dominated by the Ground Roll.
5. Final remarks
The main result of this paper is depicted in the set of images of Fig. 2. We highlight in these sequences of pictures, the
Ground Roll at different scales but enclosed at symmetrical pairs of the angular sector near the horizontal line. At the bottom
we see the set of figures showing the Ground Roll pattern in space: oblique lines and triangular shapes. In the upper part of
the figure the Ground Roll angular coefficients (black circles) are presented. Moreover, we see in this figure that the Ground
Roll coefficients are at the same angular orientation. The complete removing of these set of coefficients is the essence of our
attenuation free denoising technique.
To put this work in context we underline previous results in the literature. In thework of Leite et al. [12] the authors have
identified the splitting of the Ground Roll along the scales representative of a seismic image. Furthermore, in agreement
with [12], we see in Fig. 2(c) and (d) that the Ground Roll is more concentrated at some scales (j = 4, 5). In this work we
make advances in relation to the cited work because we can identify the angular sectors inside each scale in which Ground
Roll is present. Depending on the scale, this procedure allows us to cut around 75% of the undesired information of the signal.
We remark that the Ground Roll filtering task is well accomplished by curvelets since the angular symmetry of the
Ground Roll is quite diverse from the angular symmetry of the geologic information. Indeed, the Ground Roll shows a
characteristic almost vertical line pattern whenwe zoom the image and the geologic layers are very open hyperbolas. These
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Fig. 2. Ground Roll pattern in four scales j = 2 to j = 5. The upper set of figures show the energy of the curvelet coefficient distributed according to
the angles. To help the interpretation of the figure we do not plot the coefficients whose energy is 90% lower than the maximal value. The Ground Roll is
indicated by full circles, the Geological Signal coefficients by open circles. In the bottom we plot the patterns corresponding to the selected Ground Roll
coefficients. For instance, at scale j = 5 the Ground Roll strong coefficients are located in the angular sectors numbered 24, 25, 56 and 57. Note that, by
convention, Sector 1 starts at 45° in the horizontal direction.
different symmetries allowdistinct angular localizations of the two patterns and a consequent separation in angular curvelet
coefficients.
To conclude, in thismanuscript we advance in a very important problem of the oil industry, the removal of Ground Roll in
seismic images. We show a method that does not depend on an artificial attenuation factor to accomplish noise reduction.
Moreover we present a quantitative discussion of energy distribution along scales and angular sectors. In the future we
intend to apply the same methodology to other denoising problems in the oil industry such as the reflection of multiples.
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